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Abstract 
High performance and reliability are required for wind turbines to be competitive within the electrical energy market. A key 
challenge for control is the wind power which is an unpredicted input and also acts as a disturbance. Performance assessments of 
a discrete adaptive LQG (linear quadratic-Gaussian) as well as a fuzzy PI (proportional-integral) control of publicly available 
wind turbine benchmark model are proposed. The main contribution involves a comparison of closed loop system performance 
and energy consumption achieved by both controllers. Simulation results by Matlab/Simulink are shown in order to illustrate the 
effectiveness of the design. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Wind energy has been utilized for a long time as a renewable source of energy. Among the utilization of the 
renewable sources of energy, wind energy conversion into electric energy is the fastest growing one for several 
reasons, for instance, by having a low-price [1] per unit of power. A wind energy conversion system (WECS) 
running at variable-speed offer the following advantages: mechanical stress is reduced, torque oscillations are not 
transmitted to the grid, and below the rated wind speed the rotor speed is controlled to achieve maximum 
aerodynamic efficiency. The variable-speed wind turbines are either doubly fed induction generators (DFIGs) or 
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full-power converters. In a variable-speed wind turbine with DFIG [2], the converter feeds the rotor winding, while 
the stator winding is connected directly to the grid. The use of WECS connected to the electric energy compels the 
use of control in order to include in the system design enough preventing to avoid performance degradation on the 
quality of energy injected into the electric grid.  
The objective of the control system is to follow a reference power output, keeping the conversion at a 
conveniently optimal rating. Pitch control is the most suitable to achieve this objective due to its characteristic to 
turn the blades by varying the pitch angle according to wind speed variation. The control action involved has to 
consider the fact that the wind turbine is driven by the wind power which is an unpredicted input and also acts as a 
disturbance. Thus, the design of a control strategy for a wind turbine must consider this important aspect and the 
performance that the closed loop system must have.  
A key decision at the early stage of performance assessment [3] is to select the most suitable controller for the 
application in question. Some authors have been studying individually different control strategies from classical gain 
scheduling technique, fuzzy logic control [4], and adaptive LQG control [5] among others for different types of wind 
turbines.  
The controller modifies the value of the pitch angle in order to maintain the output power around the nominal 
value, 4.8 MW, also called rated power of the turbine.  
The main contribution involves a comparison of closed loop system performance and energy consumption 
achieved by a discrete adaptive LQG and a fuzzy PI control design for a variable wind speed turbine benchmark [6].  
 
Nomenclature 
Bdt torsion damping 
Bg, Br generator friction coefficient turbine friction coefficients 
CP power coefficient 
Jg, Jr generator inertia, turbine inertia 
Kdt torsion stiffness 
Ng ratio gear 
Pg, Pr generator power, turbine rated power 
R radius of the rotor 
r, m references or rotor and measurements values 
νw wind speed  
g, r generator torque, rotor torque 
g, r generator speed, rotor speed 
 pitch angle 
 torsion angle 
 air density 
λ tip speed ratio 
g generator efficiency 
vmin,vmax cut-in and cut-out wind speeds 
2. Wind Turbine Modeling 
The wind turbine can be analyzed on a benchmark block diagram with functional systems namely: the blade and 
pitch system, drive train, generator and power-electronic converter and the controller. A benchmark model was 
presented in [6] for a specific kind of wind turbine having three blade horizontal axes and equipped with a power 
converter. The block diagram is shown in Fig. 1.  
 
489 C. Viveiros et al. /  Procedia Technology  17 ( 2014 )  487 – 494 
Blade and 
Pitch System Drive Train
Generator and 
Converter
Controller
wv
g
g
gP
r
r
rP
r m ,r m ,g m ,g m ,g r, ,
 
Fig. 1. Block diagram of the wind turbine benchmark. 
2.1. Blade and Pitch System Model 
This model is a combination of the aerodynamic and pitch system model. The aerodynamics of the wind turbine 
is modeled in order to determine the torque acting on the blades. The aerodynamic torque is given by:  
 3 23
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The pitch system consists of three actuators (j=1, 2, 3) that use a hydraulic mechanism to rotate the blades in order 
to acquire different pitch angles. The pitch actuator is modelled as a second order system, where r (t) is the pitch 
reference. Hence, the pitch actuator model is given by: 
2 2( ) 2 ( ) ( ) ( ) ( )n n n rt t t t t         && &    (2) 
2.2. Drive Train Model 
The drive train model consists of a low-speed shaft and a high-speed shaft interconnected by a transmission. The 
linear model for the drive train is given by: 
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2.3. Generator and Power Converter Model 
The power converter dynamics is modelled by a first order system where gc is the inverse of the first 
order time constant. This model is given by: 
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,( ) ( ) ( )g gc g gc g rt t t      &    (6) 
the power produced by the generator is given by: 
( ) ( ) ( ) ( )g g g gP t t t t      (7) 
3. Control Design 
The design of a control strategy for a wind turbine must consider a series of important aspects such as wind 
speed, the wind turbine components, the influence of the wind speed on these components and the performances that 
the closed loop system must have. It also has to take into account the fact that the energy conversion system is 
disturbed by the turbulent component of the wind speed. Pitch control is the most suitable to achieve this objective 
given its characteristic to move the blades by varying the angle according to wind speed variation.  
The pitch angle and the tip speed ratio (ratio between the speed of the blade tip and the wind speed) are an 
important value to conveniently achieve the objective of the control. The tip speed ratio is given by: 
( )( )
( )
r
w
t Rt
v t
     (8) 
With a particular pitch angle, the optimal choice of the tip speed ratio allows a conversion at the maximum power 
permissible with that angle. Large amounts of literature on wind turbine control already established that the 
maximization of the power produced occurs when the wind speed is in the range between the cut-in and the cut-out 
wind speed. The four regions of operation of a wind turbine [7] are shown in Fig. 2.  
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Fig. 2. Regions of power by wind speed. 
Region I correspond to the start up of the turbine. Region II corresponds to power optimization conditions, in a 
wind speed range that enables the conversion at global optimum rating within safety conditions. The control 
objective in this region is to capture all possible wind power with a pitch angle equal to 0 degrees, attaining global 
maximum power. Region III corresponds to a conversion at constant power due to the fact that the wind has more 
power than the one that is possible to convert, ensuring that the wind turbine works within its limits. The control 
objective in this region is to operate the wind turbine at the nominal power. Finally, region IV corresponds to high 
wind speed, i.e., cut-off zone. 
3.1. Adaptive Linear Quadratic Polynomial Controller 
Adaptive LQ control has the ability to adapt to unpredicted wind speed ν(k), but it depends on parameter 
estimation(k). Parameters from polynomials A(z-1) and B(z-1) are estimated using recursive least squares (RLS) 
algorithm, thus obtaining parameters [a1 a2 b1 b2].  
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A brief description of the LQ polynomial controller [8] is presented below. To model the wind turbine 
benchmark around a nominal set-point r(k), an ARX (n = 2, m = 2, d = 1) model is used to represent the dynamical 
system, thus the transfer function is given by: 
1 2 1
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1 2 1
1 2
( ) ( )
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   (9) 
with Y(z) and U(z) as the Z-transform of the system output and control input. The performance index is given by: 
     2 2( ) ( ) ( )J k Py k d Qr k u k       (10) 
where P = Q = 1 and the scalar  = 0.4 is a design parameter used to tune the closed-loop performance at the end of 
the design. The optimal control u(k) that minimizes performance index is straightforward to determine. In the 
minimum-phase core one solves the Diophantine equation, for the intermediate polynomials F(z-1) and G(z-1). 
The structure of the optimal LQ polynomial controller is shown in Fig. 3. 
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Fig. 3. Optimal LQG controller structure. 
Finally, the optimal control equation is given by: 
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Where parameters a, b are estimated using recursive least squares algorithm. 
3.2. Fuzzy PI Controller 
Fuzzy control does not depend on parameter estimation, thus, it is suitable to deal with unpredicted wind speed. 
The fuzzy PI controller structure [9] takes into account two inputs, the control error, e(k), change in error, e(k) and 
one output, control action u(k). The Fuzzy PI controller structure is shown in Fig. 4. 
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Fig. 4. Fuzzy PI controller structure. 
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The fuzzy PI control action equation is given by: 
( ) ( 1) ( ( ), , ( ), )
( ) ( ) ( )
u NL eu k u k k f e k ke e k k
e k r k y k
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 
   (12) 
Where r(k) is the reference, y(k) is the system output, fNL is a non linear function and scaling factors are ke, ke, 
ku. Table I summarizes the rule base format, i.e., Mamdani-type inference is the fuzzy inference considered in this 
paper and fourty-nine rules were used in this control. Seven fuzzy sets were used both for e%  and e% , namely, 
{NB; NM; NS; ZE; PS; PM; PB} where (NB, Negative Big; NM, Negative Medium; NS, Negative Small; ZE, Zero; 
PS, Positive Small; PM, Positive Medium; PB, Positive Big). 
      Table 1. Rule base format 
e%  , e%   NB NM NS ZE PS PM PB 
NB NB NB NB NB NM NS ZE 
NM NB NB NB NM NS ZE PS 
NS NB NB NM NS ZE PS PM 
ZE NB NM NS ZE PS PM PB 
PS NM NS ZE PS PM PB PB 
PM NS ZE PS PM PB PB PB 
PB ZE PS PM PB PB PB PB 
3.3. Controllers Performance Assessment 
For evaluating the performance of the controllers, we use the following performance criteria: 
 
1) Integral of time multiplied by the absolute value of the error (ITAE), 
0
. ( )f
t
ITAE t e t dt     (13) 
2) Integral of the square value (ISV) of the control input, 
2
0
( )f
t
ISV u t dt     (14) 
Where ITAE is used as numerical measure of tracking performance for the entire error curve and ISV shows the 
energy consumption. 
     Table 2. Results of Controllers Performances 
Controller ITAE ISV 
LQG 2.188x106 1.094x105 
Fuzzy 2.373x106 5.681x104 
 
From the table above, we can observe that LQG controller has the lower value of tracking performance, allowing 
a better performance from the closed loop response. The energy consumption from LQG is much higher than Fuzzy 
controller because the control action is switched on most of the time, i.e., the control action is called to actuate for a 
longer period of time. Regarding pitch angle, LQG controller when compared to Fuzzy PI presented less switches 
493 C. Viveiros et al. /  Procedia Technology  17 ( 2014 )  487 – 494 
from region II to region III leading to less variations on the pitch angle of the blades. This approach can minimize 
the mechanical stresses of the wind turbine. 
4. Simulation and Results 
The simulation was performed using Matlab/Simulink environment. The wind turbine benchmark is linearized 
for a power set-point of 4.8 MW and a wind speed of 13 m/s.  
The wind turbine parameters are given by: R = 57.5,  = 1.224,  = 0.6, n = 11.11, gc = 50,  = 0.98. 
White noise is added to the wind speed sequence in order to simulate an actual wind variation, as shown in Fig. 5. 
For both control strategies, control mode should switch from region II (control action equal 0 and pitch angle equal 
0 degrees) to region III (control action equal 1) if Pg(k) > Pr(k) and g  > 162 rad/s. 
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Fig. 5. Wind speed profile used for simulation. 
Regarding LQG controller, the generator power Pg and the reference power Pr are shown in Fig. 6 (a). As can be 
observed, the closed loop system response follows the reference.  The LQG control action is shown in Fig. 6 (b). 
The control mode switches from region II (LQG=0) to region III (LQG=1) and it can be seen that most of the time 
the control action is switched on. 
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Fig. 6. (a) Generator power with LQG controller and reference power; (b) LQG control action. 
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For the Fuzzy PI controller scenario, the generator power Pg and the reference power Pr are shown in Fig. 7 (a). 
As can be observed, the closed loop system response follows the reference with more peaks due to wind disturbance. 
The Fuzzy PI control action is shown in Fig. 7 (b) and presents more frequent switches from region II to region III. 
0 1500 3000 4500
0
1000
2000
3000
4000
5000
Time (s)
G
en
er
at
or
 p
ow
er
 (k
W
)
Reference power
      
0 1500 3000 4500
0
1
Time (s)
Fu
zz
y 
C
on
tro
l
 
Fig. 7. (a) Generator power with Fuzzy controller and reference power; (b) Fuzzy control action. 
5. Conclusions 
This work presented the performance assessment between two distinct control techniques, discrete adaptive LQG 
and fuzzy PI, for a wind turbine benchmark model. Simulation results were carried out in Matlab/Simulink, 
delivering information on adequacy of the control. We used two performance criteria, ITAE and ISV, for evaluation 
of closed loop performance and energy consumption. LQG controller provided the best closed loop response but its 
control action was switched on for a longer period of time causing higher energy consumption. Fuzzy PI controller 
provided the minimum energy consumption but from the closed loop response viewpoint the performance fell short. 
LQG controller when compared to Fuzzy PI presented less switches from region II to region III leading to less 
variations on the pitch angle of the blades. This approach can minimize the mechanical stresses of the wind turbine. 
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